Based on the split Hopkinson pressure bar (SHPB) test system, dynamic impact tests of coal specimens under different impact pressures were carried out to study the relationship between the impact load and the size of crushed lump coal. Based on the theory of stress wave attenuation, the relationship between the blasting impact load in a single-hole blasting area of a coal seam and the load applied in an impact failure test of a coal specimen in the laboratory was established. According to the characteristics of the fragmentation distribution of the coal specimens destroyed under a laboratory impact load and the requirement of the minimum cost control of coal blasting in an open-pit coal mine, the fragmentation size range was divided into three groups: large-diameter, medium-diameter, and powder particles. Based on this range, the variation rule of the mass percentage of coal fragments with impact pressure was obtained. Established on the evaluation principle of the blasting effect in an open-pit coal mine, a good impact fragmentation effect was obtained. e good pressure range is 0.30 MPa ≤ P < 0.90 MPa.
Introduction
e mining industry contributes millions of dollars to the world economy [1] [2] [3] , where blasting plays an important role. e impact load is the core of laboratory simulations of coal blasting tests [4] [5] [6] [7] [8] [9] . e determination of an accurate impact load is the premise of the scientific analysis of the fragmentation distribution of coal blasting [10] [11] [12] [13] . e dynamic impact test of coal specimens at different pressures was carried out using a split Hopkinson pressure bar (SHPB) test system. e relationship between the impact load and the size of fragmented lump coal was studied, which provided an important scientific basis for optimizing the blasting parameters of open-pit coal seams.
According to the degree of coal damage after coal seam blasting, the blasting area of a single hole can be divided. As shown in Figure 1 , each damage area is simplified into a spherical space, and the damage areas are the blasting core area, powder area, fragment area, crack area, and undisturbed area from the inside to the outside. With the explosive as the center, the degree of coal damage in each region decreases gradually; that is, the scale of coal block damage increases gradually [14] [15] [16] [17] [18] . e calculation formula of the blasting shock wave is as follows [19] [20] [21] :
where α and K are the empirical coefficients, 1.31 and 0.67, respectively; η is the attenuation index, 0.49; Q is the charge quantity, kg; and R is the distance from a certain point in the coal seam to the explosive center, m. According to formula (1) , assuming that the charge is 1 kg and the radius of the explosive is 0.1 m, the curve of the stress wave with distance R can be obtained. As shown in Figure 2 , with increasing distance, the impact load of the impact blasting decreases rapidly, and the attenuation characteristics are obvious.
After the explosion, the stress waves acting on the same sphere are the same at all points. erefore, the test stress can be determined directly according to formula (1) .
To establish the relationship between the laboratory impact tests and coal seam blasting, the conclusions of laboratory tests can be applied to the optimization of blasting engineering in open-pit coal mines.
e specific steps are as follows:
(1) Using the design parameters of blasting engineering, according to formula (1) , the impact load range of coal around the blasting hole is obtained, and the impact load applied in laboratory tests is determined. (2) e load at the boundary between the crack area and the undisturbed area is determined by multiple blasting tests; that is, the minimum load of the coal failure can be deduced, and then the maximum radius R3 of the crack area can be deduced. 
Materials and Methods

Specimen Collection and Preparation.
e coal specimens used in this test are from the Haerwusu open-pit coal mine (shown in Figure 3 ). According to the test plan, the specimens are machined into a cylinder with diameters of 50 mm and heights of 50 mm. To prevent the specimens from peeling off during the experiment, a layer of thermal shrinkage film is wrapped on the surface of the specimen, as shown in Figure 4 .
Instruments and Equipment.
is test adopts the instrument φ � 50 mm SHPB test system [22] [23] [24] , which belongs to the State Key Laboratory for Geomechanics & Deep Underground Engineering, China University of Mining and Technology. e system consists of five parts: the loading drive system, pressure bar system, energy absorption system, signal acquisition system, and signal processing system. e specimen is sandwiched between the incident rod and the transmission rod.
e loading driving system is the power source and stress wave generating system of the whole system, including a high-pressure gas tank, a pressure gauge, and an impact rod.
e high-pressure gas used in this test is ordinary liquid nitrogen, and the pressure gauge is a magnetically electriccontact pressure gauge. e maximum pressure can be selected to be 2.5 MPa, which meets the test requirements. e punch material is 40Cr alloy steel with a diameter of 37 mm and a length of 300 mm. e ultimate strength of the punch is greater than 800 MPa. e pressure bar system is a fixed support structure for the stress wave propagation medium and specimen, including the incident bar and transmission bar, as shown in Figure 5 . In this test system, the material properties of the bar are the same as those of the punch. e length of the incident rod is 2400 mm, and the diameter of the contact end with the impact rod is 37 mm. e diameter of the incident rod changes to 50 mm after passing through the transition section of 600 mm. e transmission rod is 1400 mm in length and 50 mm in diameter.
e energy absorption system is an absorption device of a residual stress wave in a transmission rod, which includes an absorption rod and buffer.
e data acquisition system of this test adopts the twochannel DH5960 ultradynamic signal acquisition instrument produced by Donghua Testing Technology Co., Ltd., Jiangsu Province, China. As shown in Figure 6 , the 
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Shock and Vibration Shock and Vibration 3 maximum sampling frequency of this system reaches 10 M, which meets the requirements of the signal data acquisition. e signals of the incident wave, reflected wave, and transmitted wave are obtained by a data acquisition system. To obtain the mechanical properties of rock specimens, two data processing processes are needed:
(1) Filtering the original signal to remove noise (2) Calculating the dynamic characteristics of the rock specimens
To observe the failure process of the coal specimens under different impact pressures during the experiment, a high-speed camera system (Phantom v611) is used to capture the failure process of the coal specimens under uniaxial compression at different pressures, and the surface crack growth and propagation process are obtained at different times.
Test Method.
During the test, the impact rod collides with the incident rod driven by high-pressure gas and forms an incident pulse in the incident rod. e incident pulse propagates through the incident rod to both sides of the specimen, and the stress pulse acts on the specimen and reflects and transmits multiple times at both ends of the specimen-rod interface, resulting in the high-speed deformation of the specimen. At the same time, one part of the pulse is reflected, and the other part of the pulse is transmitted to the transmission rod through the coal specimen, forming the reflected pulse signal and the transmission pulse signal, respectively. rough the strain gauge on the elastic compression bar, each signal is recorded in the signal acquisition system, and the entire failure process of the specimen is recorded by using the high-speed camera system. e minimum loading pressure is 0.13 MPa, which indicates that the pressure at the junction of the crack zone and the undisturbed zone is 0.13 e SHPB test system used in this test has a maximum loading pressure of 2.0 MPa. erefore, the impact load is designed with 0.13 MPa and 2.0 MPa as upper and lower loads. rough many tests, 10 groups of impact tests were designed. e impact loads were 0. 
Tests and Discussion
Impact Tests of the Coal Specimens.
e failure process of the coal specimens under impact loading is captured by using a high-speed video camera system, and the failure process of specimens at different times is obtained, as shown in Figure 7 . It can be seen from the figure that the failure time interval of the specimen under the impact load is in milliseconds, and the coal specimen is completely destroyed within 3 ms.
Dynamic Failure Morphological Characteristics of the Coal Specimens.
e morphological characteristics of the fragments after failure of the coal specimens under different impact pressures are shown in Figure 8 . From the figure, the impact pressure has a significant impact on the morphological characteristics of the fragments after the coal specimen is destroyed. Under lower impact pressure, the damage degree of the specimens is small, and the main fragments after failure are the large volume fragments of the splitting rectangular section (as shown in Figure 9 (b)), and the tensile failure characteristics are remarkable. With increasing impact pressure, the number of small fragments increases gradually and the degree of damage increases. From the impact pressure of 0.30 MPa, the small volume fragments increase after the specimen is destroyed, and the fragments are mainly conical-section fragments ((c) in Figure 9 ) and wedge-section fragments ((d) in Figure 9 ). e shear fracture surface appears locally. With increasing impact pressure, the proportion of fragments in the conical section and wedge section increases, and the shear fracture surface of the coal specimen under compression increases gradually. It can be inferred that with increasing impact pressure, the failure mode of the coal gradually transforms from tension failure to shear failure.
e description of the macrofracture morphology of the coal specimens is only from a qualitative viewpoint; however, the description of the change law of the failure characteristics of coal specimens is from a quantitative viewpoint.
Distribution Characteristics of Impact Failure Fragments of the Coal Specimens.
e fragmentation distribution characteristics of the coal specimens are analyzed by the direct sieving method. e sieves selected in this experiment (as shown in Figure 10 ) are 15.0 mm, 10.0 mm, 5.0 mm, 2.0 mm, and 1.0 mm in diameter. e specimens are divided into 6 groups of particle sizes: d � 15.0 to 50.0 mm, 10.0 to 15.0 mm, 5.0 to 10.0 mm, 2.0 to 5.0 mm, 1.0 to 2.0 mm, and 0.0 to 1.0 mm. Among these groups, 50 mm is the size of the complete coal specimen, and the 6 groups are numbered i � 1, 2, 3, . . ., 6 according to the particle sizes. e coal specimen fragments under different pressure impacts are sieved by grading sieves, and the quality of each grading fragment is obtained, as shown in Figure 11 . e first row in each graph corresponds to grading i � 1 to 3 from left to right, and the second row corresponds to grading i � 4 to 6 from left to right. Overall, with an increase in the impact pressure, the size of large particles decreases and the size of small particles increases. It can be inferred that the degree of coal fragmentation increases with increasing impact pressure.
After sieving, the mass percentage is taken as the fragmentation distribution parameter, that is, the percentage of the mass of the fragments of each size group to the mass of the original coal specimen. To show the damage degree of coal specimens under different impact loads, the average particle size of the fragments is used as the evaluation index in this test. e specific acquisition methods of the index are as follows: first, the fragments are sieved by grading sieves and the mass of each group of particle size fragments (m di ) is obtained by a high-precision electronic scale. Second, the mass percentage of each group of the particle size fragments Shock and Vibration (m iv ) is obtained by using the mass of each group of the particle size fragments (m di ) and the mass of the original coal specimen (m). ird, by multiplying the mass percentage of each group of the particle size fragments (m iv ) by the average particle size of the group (d iv ), the proportion of the particle size of the group in all the groups (δ iv ) is obtained. Finally, the average particle size of the coal specimen under a certain impact pressure (δ) is obtained by superimposing the percentage of the particle size of each group:
where i is the sieving grade group and d iv is the average particle size of each group, that is, the average of the maximum particle size and the minimum particle size of the i group. For example, when i � 1, the average particle size is 32.5 mm. rough sieving and calculation, the mass percentage and average particle size of the fragments at various strain rates are obtained. As shown in Table 1 , m is the original mass of the specimen and m iv is the mass percentage of group i. Figure 12 shows the particle-size distribution characteristics and the dynamic characteristics of the average particle size with impact pressure.
From Table 1 and Figure 12 , the fragmentation distribution and average particle size of coal specimens under different impact pressures have a significant impact.
Specifically, during the process of increasing the pressure from 0.13 MPa to 2.00 MPa, the mass percentage of fragments in the maximum particle size group (15.0-50 mm) decreased gradually from 98.93% to 4.65%, and the decrease was 95.30%. e mass of the fragments in the following three groups (10.0-15.0 mm, 5.0-10.0 mm, and 2.0-5.0 mm) showed the characteristics of first increasing and then decreasing. e maximum percentages of the fragments in the three groups were 35.43%, 32.11%, and 21.30%. e mass percentages of the smallest two groups (1.0-2.0 mm and 0.0-2.0 mm) increased rapidly with increasing air pressure from 0.13 MPa to 2.00 MPa, from 0.07% to 23.33% in the range of 1.0-2.0 mm and from 0.05% to 9.45% in the range of 0-1.0 mm. Overall, the average particle size decreases with increasing air pressure, which indicates that the damage degree of the specimen increases gradually. e change in the average particle size can be roughly divided into three processes: increasing pressure from 0.13 to 0.30 MPa, and a rapidly decreasing average particle size from 32.21 mm to 19.64 mm (a decrease of 39.03%); increasing pressure from 0.30 MPa to 0.90 MPa, and a slow decrease in the average particle size from 19.64 mm to 12.54 mm (a decrease of 36.15%). When the pressure increases further, the average particle size decreases from 12.54 mm to 7.34 mm (a decrease of 41.47%).
Fractal Dimension Characteristics of the Fragmentation of the Specimens.
e fractal dimension can be used to quantitatively describe the degree of coal specimen breakage in the SHPB test to more accurately describe the change rule of the coal specimen breakage degree with impact pressure. e fractal dimension is positively correlated with the damage degree of the specimens; that is, if the damage degree of the specimens increases, then the calculated fractal dimension also increases. At present, the fractal dimension is calculated by mass-equivalent size. e calculation formulas are as follows: 
where D is the fractal dimension of the fragments; d is the slope of the line drawn in logarithmic coordinates; M R is the cumulative mass of the fragments smaller than R in diameter; and M is the original mass of the specimen. According to the cumulative mass and original mass of the specimen in Table 2 , the straight lines under di erent impact pressures (lg(M R /M) − lg R) can be drawn according to formula (3) . As shown in Figure 13 , the slope d of each relation line can be calculated. e fractal dimension D of fragments after coal specimen failure can be obtained by substituting the slope d value into formula (4) . Figure 14 shows the change curve of the fractal dimension of fragments with impact pressure after the failure of the coal specimen.
e graph shows that the fractal dimension D of coal increases logarithmically with increasing impact pressure. When the impact pressure increases from 0.15 MPa to 2.00 MPa, the fractal dimension D increases from 1.22 to 2.42, an increase of 98.36%. Because the fractal dimension is positively correlated with the degree of coal fragmentation, it can be concluded that the degree of coal fragmentation increases gradually with increasing impact pressure. e fractal dimension decreases gradually with increasing pressure at higher impact pressures. It can be inferred that the damage degree of the coal specimen increases with increasing impact pressure, but it does not increase in nitely and eventually tends to be stable.
Distribution Characteristics of Blasting Impact Fragmentation in Open-Pit Mines.
To further combine the test results with open-pit coal seam blasting, the size distribution of coal specimen damage under indoor impact load is further divided. After coal seam blasting, especially large coal blocks need to be broken twice, and this greatly increases the cost. Small coal blocks exist in the form of ne particles, which causes serious dust pollution to the mine. ese ne particles also increase the cost of dust removal. erefore, the smaller the proportion of extralarge and small coal blocks after coal seam blasting is, the more e ective the control of mining cost is. To further analyze the impact damage e ect, the blasting particle size is divided, and the impact e ect is evaluated according to the mass percentage of the fragments of the di erent sizes.
According to the characteristics of the fragmentation distribution of coal specimens under impact load and the requirement of minimum cost control in open-pit coal seam blasting, the fragments are divided into three groups according to the size range: large diameter, medium diameter, and powder. e corresponding particle size ranges of the three groups of fragments are as follows:
(1) Large-diameter fragments: diameter (d ≥ 15.0 mm), i 1 group of the fragments. is group of fragments has a large scale, which corresponds to a large volume of coal blocks that need secondary blasting after coal seam blasting.
Taking the Haerwusu open-pit coal mine as an example, the diameter of the coal block is basically 300 mm on this scale. groups of the fragments in the particle size range. e size of the fragments is small, which corresponds to the small volume of coal after blasting, even powder coal. With this size, the economic value of the coal block is small, and for ultrasmall powder coal, the nal formation of mine blasting dust.
According to the above method, the distribution characteristics of the fragments with di erent sizes under different loading pressures can be obtained, as shown in Table 3 . Figure 15 shows the variation in the mass percentage of the three groups of coal fragments with air pressure.
As shown in Figure 15 , with increasing air pressure, the mass percentage of the fragments varies signi cantly. Speci cally, with increasing air pressure, the mass percentage of large-diameter fragments decreases gradually.
e air pressure increases from 0.13 MPa to 2.00 MPa, and the mass percentage of large-diameter fragments decreases from 98.93% to 4.65%, with a range of 95.30%. From the whole process, the air pressure increases from 0. large-diameter fragments slows down to 6.89%. However, when the air pressure exceeds 1.20 MPa, the mass percentage of large-diameter fragments remains within 10%.
For medium-diameter fragments, the mass percentage of fragments increases with increasing air pressure, which can be divided into three stages. First, when the pressure increases from 0.13 MPa to 0.30 MPa, the mass percentage of medium-diameter fragments increases rapidly in a straight line form 0.95% to 56.98%, with an increase of 56.03%. When the air pressure increases from 0.3 MPa to 0.9 MPa, the mass percentage of medium-diameter fragments increases slowly from 56.98% to 82.31%, and the increment is 25.33%. When the air pressure exceeds 0.90 MPa, the mass percentage of the fragments decreases and the decrease range is approximately 20%.
Compared with the other two groups, the mass percentage of the powder fragments increases linearly with air pressure. When the air pressure increases from 0.13 MPa to 2.0 MPa, the mass percentage of powder fragments increases from 0.12% to 32.78%, and the increment is 32.66%.
Conclusion
rough the above analysis, it can be concluded that increasing the impact pressure can effectively reduce the mass percentage of large-diameter fragments, thus reducing the amount of secondary coal fragments and controlling the input cost of secondary crushing. However, with increasing air pressure, the mass percentage of powder fragments increases gradually, which will greatly increase the cost of dust control in coal mines. Based on these two aspects, two principles of blasting effect evaluation are given.
(1) e mass percentage of medium-diameter fragments is more than 50%. is finding ensures that more than 50% of the coal seam after blasting goes directly into the next stage of the coal preparation process without secondary crushing. (2) e mass percentage of powder fragments should be less than 10%. Compared with the cost of coal mining in an open-pit coal mine, the cost of dust control (including economic cost and time cost) is much larger. erefore, the final effect of blasting requires that dust pollution in pits be reduced as much as possible. us, the percentage of powder fragment mass should be controlled within a reasonable range of 10%. Based on the above two principles, this evaluation can be given by comparing the size distribution characteristics of the fragments under different impact pressures:
(1) e percentage of mass of medium-diameter fragments under an impact load with a pressure less than 0.30 MPa is less than 50%. erefore, the impact crushing effect is poor in this pressure range. (2) e percentage of powder fragments under an impact load with a pressure greater than 0.90 MPa is more than 10%. erefore, the impact fragmentation effect is poor in this range of pressure.
e particle-size distribution of the fragments under impact loading satisfies two principles in the range of loading pressure from 0.30 MPa ≤ P < 0.90 MPa and the coal impact crushing effect is satisfactory in this range. However, when the pressure is 0.90 MPa, the mass percentage of powder fragments is 9.42%, close to 10%. erefore, the pressure is excluded from the good blasting pressure range. Finally, according to the test results and two evaluation principles, the range of pressure with good impact effect in this test is 0.30 MPa ≤ P < 0.90 MPa.
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